Carbon-supported Pt 2 Os (Pt 2 Os/C) nanoparticles in 3.55 nm sizes are synthesized from a wet chemical reflux process. Subsequently, the Pt 2 Os/C undergoes a dealloying treatment in which multiple cyclic voltammetric scans are imposed to dissolve the Os atoms selectively from the surface of the Pt 2 Os nanoparticles. X-ray diffraction signals from the dealloyed sample (DA-Pt 2 Os/C) indicate a fcc phase and composition analysis suggests Pt 4 Os. Line scans from the scanning transmission electron microscope confirm that the surface of Pt 4 Os is depleted with the Os atoms. This agrees with our quantum mechanics (Density Funtional theory) calculations, which predict for the Pt 3 Os composition that the surface skin layer is pure Pt. The DA-Pt 2 Os/C shows impressive electrocatalytic behaviors (0.29 mA g Pt −1
Introduction
Hydrogen-based fuel cells are considered as one of the clean energy alternatives to reduce carbon dioxide emissions by replacing conventional energy generation means using fossil fuels [1, 2] . During the operation of fuel cells, the hydrogen is oxidized at the anode and the oxygen is reduced at the cathode. Between them, the oxygen reduction reaction (ORR) is the rate-determining step because the oxygen molecules are slow to split and react at the cathode/electrolyte interface [3] [4] [5] [6] [7] . To date, many materials have been explored for the ORR activities in acidic electrolytes. For example, metals like Pt and Pd, organometallic complexes like cobalt phthalocyanines (CoPc), cobalt-polypyrrole-carbon black (Co-PPY-CB) and Fe-N 4 , transition metal oxides like MnO 2 and TiO x , as well as chalcogenides like W 11 -Co 43 -Se 46 and Co 3 S 4 have been reported with various results [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Among them, the Pt has received the most attention in recent years because of its notable ORR activities and chemical stability. So far, Pt in a wide variety of nanostructures/morphologies have been synthesized and studied for ORR actions [19] [20] [21] [22] [23] [24] .
The Pt is a noble metal and its cost becomes a serious concern to the commercialization of fuel cells. Therefore, substantial efforts have been devoted to identify secondary elements to alloy with the Pt for cost reduction and possible ORR enhancements. The study of binary PtM (M=Cu, Ni, Co, Fe, etc.) has produced significant results and the Pt 3 Ni has emerged as the leading candidate as an ORR electrocatalyst in acidic electrolytes [7, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . It is rationalized that for the (1 1 1) plane of Pt 3 Ni, the unique surface geometry and electronic structure lead to the impressive ORR activity and stability. Another approach to enhance the ORR activity is to synthesize electrocatalysts in distinct core-shell nanostructures. In this way, the inexpensive element constitutes the core whereas the expensive noble one occupies the shell and is responsible for the ORR action. This can be realized by a copper under potential deposition technique in which the Pt is deposited via a galvanic displacement reaction to form a mono-layered film for extremely low Pt utilization rate [21, 36, 37] . An alternative route to fabricate desirable core-shell nanostructures is the dealloying method. The dealloying process entails an electrochemical step to induce a selective dissolution of less noble element from a binary Pt-based electrocatalyst and consequently, produces a surface enriched with the Pt atoms. According to Strasser et al., the dealloyed nanocatalysts reveal a compressive strain in the Pt-enriched shell that modifies the d-band structure of the Pt atoms and therefore, the electrocatalytic activities for ORR are significantly enhanced [38] . To date, many dealloyed nanoparticles including binary Pt-Cu, Pt-Co, and Pt-Ni, and ternary Pt-Cu-Co, PtNi 3 M (M=Cu, Co, Fe, Cr) have been synthesized and evaluated for ORR activities [39] [40] [41] [42] [43] [44] [45] .
Previously, binary Pt x Os y nanoparticles have been studied as promising electrocatalysts for methanol oxidation reaction (MOR) in direct methanol fuel cells. It is because both experimental results and quantum mechanics (QM) calculations indicated active roles of Os to facilitate nearby Pt for MOR actions [46] [47] [48] [49] . Kua and Goddard used QM to show that Os can activate both the CH bonds and OH bonds of methanol whereas otherwise an alloy is required, for example activation of CH bonds by Pt and OH bonds by Ru [46] . In addition, Zhu et al. reported that the Pt-Os electrode exhibited an improved MOR activity promoted by the adsorbed OH species, but the formation of OsO 2 might be detrimental [48] . In addition, the adsorption and oxidation of CO on the Pt x Os y had been investigated by Liu et al. in which the threshold potential for CO oxidation on the Pt-Os (4:1 in molar ratio) was nearly identical to that of Pt-Ru (4:1 in molar ratio) [50] . Moreover, according to Kim et al., the oxidation of CO on the Os-modified Pt (1 1 1) plane was accelerated because the Os atoms increased the mobility of the adsorbed CO by altering the electronic structure of the Pt atoms, and thus minimized the CO-poisoning effect [51] .
The oxyphilic nature of the Os atoms is a desirable attribute for ORR action. A QM simulation by Yu et al. suggested that the Pt 3 Os alloy tended to form a segregated surface structure (the 1st layer is 100% Pt, the 2nd layer is 50% Pt and 50% Os, and the 3rd layer is 75% Pt and 25% Os) [52] . It is noted that the Pt-skin surface is expected to enhance the ORR activity by reducing the energy barrier for ORR steps [53] . This has been confirmed in a recent report in which a Pt 0.8 Os 0.2 monolayer deposited on a Pd (1 1 1) surface demonstrated a rather impressive ORR activity because the presence of Os atoms engendered a weaker affinity for the adsorbed oxygen and consequently, a reduction in the OH adsorption on the active Pt sites [54] . Therefore, we rationalized that the alloyed Pt x Os y nanoparticles might be promising electrocatalysts for ORR in acidic electrolytes.
In this work, we demonstrated the synthesis of Pt 2 Os nanoparticles and employed a dealloying treatment to render a quasi core-shell Os@Pt nanostructure. Extensive material characterization was carried out to understand structural/compositional evolution during the dealloying treatments. The dealloyed sample was evaluated for ORR activities and life time performance, and the results were compared with commercially available Pt nanoparticles. In addition, we performed QM calculations of surface segregation on PtOs systems and compared to the experimental results.
Experimental and computational methods

Pt 2 Os synthesis
Carbon-supported Pt 2 Os nanoparticles were prepared in a chemical reduction route. First, 80 mg of carbon powders (particle size <50 nm, Sigma Aldrich) were suspended in 50 mL of deionized water at 80 • C. Next, 36 mg of H 2 PtCl 6 ·6H 2 O (UniRegion Bio-Tech) and 17 mg of K 2 OsCl 6 (Sigma-Aldrich) were dissolved in 50 mL of deionized water (molar ratio of Pt/Os = 2), and the solution was added to the carbon suspension. Subsequently, 21 mg of citric acid was added as a chelating agent. The mixture was stirred for 30 min at 80 • C in an argon flow under reflux to produce a homogeneous suspension. Afterward, 76 mg of NaBH 4 was added serving as a reducing agent, and the mixture underwent further stirring for 2 h at 80 • C in an argon flow under reflux to ensure the complete reduction of Pt and Os ions, and the formation of Pt 2 Os nanoparticles impregnated on the carbon powders. The as-synthesized sample was labeled as Pt 2 Os/C. Next, the Pt 2 Os/C powders were filtered and washed to remove residual chloride ions. After drying at 25 • C in air for 8 h, a reduction treatment at 250 • C in a hydrogen flow (100% H 2 ) was performed for 2 h. The effective metal loading of the Pt 2 Os nanoparticles was 20 wt% of the Pt 2 Os/C sample.
Electrochemical analysis
10 mg of Pt 2 Os/C powders underwent an ultrasonication mixing for 5 min in a solution containing 3 mL of deionized water, 2 mL of ethanol, and 2 L of 5 wt% Nafion ionomer solution (Sigma-Aldrich) to render an uniform ink dispersion. Subsequently, 15 L of the ink dispersion was deposited on a glassy-carbon rotation disk electrode (RDE) serving as a working electrode (Pine Research, electrode diameter is 5 mm and the electrode area is 0.1963 cm 2 ). To initiate the selective dissolution of Os atoms from the Pt 2 Os nanoparticles, known as a dealloying process, multiple cyclic voltammetry (CV) scans were imposed between −0.2 and 0.8 V at 50 mV s −1 in a 50 mL of deaerated 0.1 M aqueous HClO 4 solution. After the dealloying process, the sample was labeled as DA-Pt 2 Os/C. The coulombic charge associated with the hydrogen underpotential deposition region (−0.2 to 0.2 V vs. Ag/AgCl) was estimated and divided by 210 C cm Pt −2 [55, 56] 
Materials characterization
A high-resolution transmission electron microscope (TEM; JEOL JEM3000F) was employed to observe the morphologies, sizes, and distributions of the Pt 2 Os/C and DA-Pt 2 Os/C. The structures and composition profiles of the Pt 2 Os and DA-Pt 2 Os nanoparticles were obtained using a JEOL spherical aberration corrected scanning transmission electron microscope (ARM 200F) with an Oxford energy dispersive spectrometer (EDS) in which the L ␣ and M ␣ signals from the EDS were recorded to determine the spatial distribution of the Pt and Os atoms in the Pt 2 Os and DA-Pt 2 Os nanoparticles. A scanning electron microscope (SEM; JEOL JSM6500F) and a total reflection X-ray fluorescence spectrometer (TRXF; Bruker S2-PICOFOX) were employed to estimate the atomic ratio of Pt/Os in the Pt 2 Os and DA-Pt 2 Os nanoparticles. The exact Pt amount in our samples was determined using an inductively coupled plasma mass spectrometer (ICP-MS; Agilent 7500ce). An X-ray diffractometer (XRD; Bruker D2 Phaser) equipped with a Cu K␣ radiation source ( = 1.54Å) was used to identify relevant phases and crystal sizes for both Pt 2 Os/C and DA-Pt 2 Os/C. The X-ray absorption spectroscopy (XAS) experiments on Pt 2 Os/C and DA-Pt 2 Os/C were performed at beam line of BL01C1 at Taiwan Light Source, National Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan. The measurements were carried out in a fluorescence detection mode at 25 • C. A Pt foil was used as the reference for Pt L III -edge spectra. X-ray absorption near edge structure (XANES) data analysis and fitting were processed by an IFEFFIT 1.2.11c data analysis package (Athena). The recorded profile was calibrated by aligning against the reference in each scan. During measurements, multiple spectra for a single absorption edge were collected and averaged to achieve better signal quality. Each raw spectrum was pre-edge subtracted to remove the background and then was normalized with respect to the edge jump. Details in the XAS measurements can be found elsewhere [57] .
Computational methods
The method applied for the surface segregation calculations is similar to that used in our previous study [52] . Periodic QM calculation were carried out with the SeqQuest code [58] , which employs Gaussian basis functions at the optimized double zeta plus polarization level, rather than the plane-wave basis often used in periodic systems. We used density functional theory (DFT) with the Perdew-Burke-Ernzerhof (PBE) functional [59] and the generalized gradient approximation (GGA) [60] for exchange correlation. Small core angular-momentum-projected norm-conserving nonlocal effective core potentials (pseudopotentials) [61] [62] [63] [64] were employed to replace the core electrons.
To represent the surface we used hexagonal close packed (1 1 1) slabs with a 2 × 2 unit cell for either five or six layers and a 3 × 3 unit cell for four layers which is similar to the approach used in our surface segregation calculations. The results obtained for the different slabs are rather similar. We consider the Pt 3 Os structure represent both the original composition of Pt 4 Os, and the dealloyed composition of a DA-Pt 2 Os sample, whose composition is nearly Pt 4 Os. For the lattice parameter optimization, we assumed the ordered L1 2 cubic structure with Pt at the center of the face and Os at the corners. The reciprocal space grid was 12 × 12 × 12 for the lattice constant calculation. The optimized lattice constant for Pt 3 Os is 3.94Å, slightly smaller than 3.98Å found for pure Pt. For the 5-layer segregation calculation, the top two layers are allowed to relax, but the bottom three layers are fixed. The real space grid density is five points per angstrom while the reciprocal space grid was 5 × 5 × 0 for all the slab calculations. The self consistent field (SCF) and the force convergence criteria were 5 meV and 0.02 eVÅ −1 , respectively.
Results and discussion
In the literatures, binary Pt x Os y nanoparticles have been prepared via wet chemical routes such as chemical reduction and electrochemical deposition [48, 65] . Due to a notable difference in the redox potentials between the Pt, Os, and their corresponding ions, the careful control in the formation stage is essential in order to obtain Pt x Os y nanoparticles with desirable compositions. Our reflux approach enables the synthesis of stoichiometric Pt 2 Os nanoparticles in large quantity. For the dealloying process, so far, techniques including chemical dissolution and electrochemical dissolution have been employed. Between them, the chemical dissolution approach is simple and effective for producing large-quantity of nanoparticles [66] . In contrast, the electrochemical dissolution route entails external stimulus (voltage or current) to selectively remove the active constituent and therefore enables the precise control of dealloying severity (composition and atomic distribution in a binary nanoparticle). In general, the electrochemical dissolution process can be carried out in potentiostatic, galvanostatic, and CV modes. The potentiostatic and galvanostatic modes are often used to produce porous films because the straightforward imposition of voltage or current renders substantial dissolution effect [67, 68] . In contrast, the CV scans are adopted primarily to form nanoparticles because the potential sweeps limit the duration at high anodization potentials and allows for the reduction/recovery during the cathodic scans [69, 39, 70] . It is therefore suggested that for nanoparticles, the CV dealloying treatment is a better approach to form core-shell or quasi-core-shell microstructures. Fig. 1 displays the TEM images of Pt/C, Pt 2 Os/C, and DA-Pt 2 Os/C, respectively. For both Pt/C and Pt 2 Os/C, uniform distributions of irregularly-shaped nanoparticles with moderate aggregation were observed, and their average sizes were 2.58 ± 1.7 and 3.55 ± 2 nm. The slight increment in sizes and wider distribution for the Pt 2 Os/C over Pt/C were possibly due to the reflux process that allowed for multiple events of nucleation and growth. After the dealloying treatment, the DA-Pt 2 Os/C showed a similar morphology and distribution, and the average size became 3.86 ± 1.6 nm. The details of determining the average nanoparticle sizes are provided in the Supporting Information. (1 1 1), (2 0 0), and (2 2 0) peaks of the fcc Pt structure. These diffraction signals revealed characteristic peakbroadening phenomenon because of the finite Pt particle size. We estimated the Pt particle size of 2.3 nm using the Debye-Scherrer equation on the (1 1 1) peak. For the Pt 2 Os/C sample, similar diffraction signals were obtained and they were located at 41 • , 47.4 • , and 69 • , respectively. Because the size of the Os atom (1.35Å) is smaller than that of Pt (1.39Å), in Pt 2 Os nanoparticles, the Os atoms were likely to adopt the fcc Pt structure and form a solid solution with the Pt. As a result, the Pt 2 Os diffraction peaks were expected to shift slightly to larger angles, which is consistent with our results. Using the Debye-Scherrer' equation on the (2 2 0) peak, the size of the Pt 2 Os nanoparticle was estimated at 3.65 nm. More discussion on the lattice parameter of Pt 2 Os is provided in the Supporting Information.
According to the binary phase diagram of Pt and Os, a homogeneous solid solution is present when the molar ratio for the Os atoms is in the range of 0-20% [48, 49] . Above 20%, the Os atoms precipitate out as a hcp phase with limited solubility of Pt. However, in the case of nanoparticles, it has been confirmed that a single fcc phase is still possible with a Pt:Os molar ratio of 1:1.1 [71] . Therefore, we believed that our Pt 2 Os nanoparticles exist as a single fcc phase. The hcp Os phase has characteristic peaks at 38 • , 42 • , • cannot be ruled out. However, we did not observe any single-phase Pt and Os nanoparticles from STEM images (to be discussed in Fig. 4 ) so we could reasonably conclude that the as-synthesized Pt 2 Os is an alloyed nanoparticle. After the dealloying process, the broadened diffraction signals between 41 • and 47 • became sharpened considerably. After the removal of Os atoms from the surface of the Pt 2 Os nanoparticles, the diffraction peaks indicate Pt-dominant signals from the (1 1 1), (2 0 0), and (2 2 0) planes. Table 1 lists the particle size of our samples from XRD diffraction signals and TEM images, as well as results from the composition determination. The estimation of nanoparticles sizes using the Debye-Scherrer equation was rather consistent with those from TEM images. In addition, composition analysis from the TXRF and SEM-EDS confirmed that the atomic ratios of Pt/Os were 68/32 and 67/33 for the Pt 2 Os nanoparticles. These values were very close to the stoichiometric ratio of 2:1. The atomic ratio of DA-Pt 2 Os from SEM-EDS was 81/19. This result substantiated our dealloying process to covert the as-synthesized Pt 2 Os into Pt 4 Os. It is noted that the dealloying process removed the Os atoms selectively from the surface of the Pt 2 Os nanoparticles and consequently, the Pt 4 Os should be recognized as the average composition of the dealloyed sample, DA-Pt 2 Os. Fig. 3 shows the CV curves for Pt 2 Os/C in deaerated 0.1 M aqueous HClO 4 solution at the 3rd, 10th, 50th, and 60th cycles, respectively. For the CV curve of the 3rd cycle, two distinct oxidation signals were observed; one minor peak at 0.7 V and the other strong one starting at 0.85 V. From the previous studies on the Os systems, the oxidation peak at 0.7 V is associated with the oxidation of Os atoms to OsO 2 whereas the oxidation peak of 0.85 V is attributed to the oxidation of OsO 2 to OsO 4 [72, 73] . According to Greedan et al. [74] , in an aqueous solution the OsO 2 is insoluble but the OsO 4 can be dissolved moderately. Therefore, we observed a relatively strong oxidation current at 0.85 V in the anodic scan but a subdued reduction current at 0.3-0.5 V in the cathodic scan because Fig. 3 . The CV curves of Pt2Os/C undergoing the dealloying treatment of 3rd, 10th, 50th, and 60th cycles, respectively. The electrolyte was deaerated 0.1 M aqueous HClO4 solution and the scan rate was 50 mV s −1 . The highlighted areas were used to estimate the ECSA values. Inset is the CV curve for the Pt/C for ECSA determination. most of the OsO 4 was dissolved in the electrolyte during the anodic scan and thus was unable to participate in the subsequent reduction process in the cathodic scan. It is noted that our results of broad reduction currents are consistent with a previous report by Rhee et al. in which the Os nanoislands were spontaneously deposited and electrochemically stripped from a Pt (1 1 1) single crystal substrate [75] . It is noted that the Pt oxidation also occurred at 0.8 V and the corresponding reduction peak was located at 0.75 V during the cathodic scan (as shown in the inset of Fig. 3) . Therefore, in our case at voltage above 0.85 V, the oxidation of OsO 2 to OsO 4 , and the oxidation of Pt were both responsible for the anodic currents.
Upon further cycling, the currents associated with the Os oxidation and reduction were progressively reduced. This confirmed that the Os atoms in the Pt 2 Os nanoparticles were selectively removed resulting in a surface gradually enriched with the Pt atoms. This dealloying process was effective until the 50th CV as further CV cycles engendered a negligible difference in the CV curves. At this stage, the remaining Os atoms exposing to the electrolyte were rather limited, and the out-diffusion of the Os atoms from the core was considered unlikely due to the relatively low working temperature (25 • C) and short dealloying time (33 min). With the steady loss of Os atoms from the Pt 2 Os nanoparticles, more Pt atoms were exposed to the electrolyte and consequently, a larger ECSA was obtained. The areas used to estimate the ECSA were highlighted at a potential window of 0.09 and 0.35 V, and their respective values were 0.32, 0.66, and 1.13 cm Pt 2 for the 3rd, 10th, and 50th cycle, respectively. These increasing ECSA values substantiated that the de-alloying process was achieved successfully that rendered a greater number of Pt atoms on the surface. Because the CV profiles after 50 cycles revealed a negligible variation, we selected the 50th cycle as the standard de-alloying treatment for following tests.
The elemental profiles of Pt and Os in the Pt 2 Os and DA-Pt 2 Os nanoparticles were obtained by the STEM-EDS measurements with a probe size of about 1.5Å. Fig. 4a exhibits a STEM image and the corresponding line-scan profile across a Pt 2 Os nanoparticle in 4.5 nm size. The result suggested an alloy state for the as-synthesized Pt 2 Os nanoparticles. Fig. 4b shows a STEM image and the line-scan profile of a DA-Pt 2 Os nanoparticle of 7 nm in diameter. Apparently, the Os atoms residing on the surface regime were mostly removed and the DA-Pt 2 Os (Pt 4 Os) revealed a quasi-core-shell structure in which the core retained some Os atoms whereas the shell was occupied by the Pt atoms exclusively.
The XANES spectra for the standard Pt foil, Pt 2 Os, and DA-Pt 2 Os are displayed in Fig. 5 . The absorption intensity of the L III -edge, known as the white line intensity, depends on the electronic transition probability of 2p 3/2 to 5d. In general, a sample with a lower occupancy of the 5d electronic states indicates a higher oxidation number, which leads to a greater white line intensity. The as-prepared Pt 2 Os underwent a hydrogen treatment before the XAS measurements, therefore, the higher white line intensity of Pt atom was not caused by the formation of surface Pt oxide. Instead, it was attributed to the interaction between the Pt and Os atoms. This result supports our argument that the as-synthesized Pt 2 Os was in an alloyed state. After the de-alloying process, the white light intensity of the DA-Pt 2 Os was reduced slightly just below that of Pt 2 Os. In the de-alloying process in which the Os atoms were selectively removed from the surface of Pt 2 Os nanoparticles, the oxidation state of Pt atoms moved closer to that of bulk Pt. Nevertheless, it is apparent that the DA-Pt 2 Os exhibited a higher white line intensity as opposed to that of Pt, suggesting that the Os atoms at the core were still intact.
The extended X-ray absorption fine structure (EXAFS) is known to detect the segregation phenomenon in binary nanoparticles because the bonding distance, the number, and the type of the neighboring atoms of the absorbing atoms are different depending whether they are residing at the core or on the shell. However, the difference in the atomic number between the Pt and Os is 2, and this minute value renders their L III absorption peaks (11,564 and 10,871 eV for the Pt and Os atoms, respectively) interfere with each other during XAS analysis. Hence, it is rather difficult to accurately determine the fitting parameters such as the coordination number (N), the bond distance (R), the Debye-Waller factor ( j 2 ), and the inner potential shift ( E 0 ).
The DFT study of the Pt segregation on the Pt 4 Os slab is summarized in Fig. 6 . The 5-layer 2 × 2 cell slab contains 16 Pt atoms and 4 Os atoms providing the 4:1 ratio. 4 Os atoms cannot be equally distributed in five layers so one of the layers should be pure Pt. The a slab shows a uniform Os distribution in four lower layers with the pure Pt top layer. This structure was chosen because from our previous calculations [52] , we know that the Pt 3 Os alloy demonstrates strong surface segregation and the most stable Pt 3 Os slab structure has 100% Pt at the top surface layer, 50% Pt in the second layer, and 75% Pt in the following layer.
The b structure has pure Pt at the top and second layer but with 50% Os in the third layer and 25% Os in the following layers.
The c structure has also top two layers of Pt but with Os enriched in the bottom layer rather than in the third layer.
Our calculation shows that the most stable structure is b, followed by a and c (see Fig. 6 ). This is consistent with our previous segregation study of Pt-based binary alloys [52] which found that the most stable structure of the segregated alloys has Pt-skin on the surface. The 6-layer 2 × 2 and 4-layer 3 × 3 cell models provide a similar result. (see the Supporting information). Therefore, both experiment (STEM-EDS analysis) and theory (computational modeling) demonstrate that the DA-Pt 2 Os (Pt 4 Os) prefers the Pt-segregated surface structure. The Pt segregation is expected to influence the electronic structure of the alloy and affects its electrochemical activity, the main features of which will be described below. Fig. 7 demonstrates the ORR CV curves in apparent current density for Pt 2 Os/C, DA-Pt 2 Os/C, and Pt/C. In the literatures, at potential below 0.6 V, the ORR response is under mass transport control limited by the diffusion of the dissovled oxygen in the electrolyte whereas at potential between 0.8 and 1 V, the ORR response is dominated by kinetics (the electrocatalytic activity of the electrocatalyst Fig. 7 . The >ORR curves of Pt/C, Pt2Os/C, and DA-Pt2Os/C in apparent current density. The electrolyte was oxygen-saturated 0.1 M aqueous HClO4 solution and the scan rate was 10 mV s −1 . involved in the ORR process) [76] . Hence, a simple method to quickly evaluate the ORR behavior of a potential electrocatalyst is the reading of half-wave potential, which is defined as the potential at which the magnitude of the current is half of the limiting current. In gerneal, the larger the half-wave potential, the greater the ORR activity. As shown, the half-wave potentials for the Pt/C, Pt 2 Os/C, and DA-Pt 2 Os/C were 891, 837, and 908 mV, respectively. Moreover, the DA-Pt 2 Os/C exhibited the highest on-set potential of 1 V, and this provided another evidence of better electrocatalytic ability among these samples. It is also noted that the diffusionlimiting current for the Pt 2 Os/C and DA-Pt 2 Os/C at a rotation speed of 1600 rpm was 5.23 mA cm −2 , a value that was rather close to that of Pt 3 Ni (5.36 mA cm −2 ) [77] . This consisentce indicated that our ORR experiments were carried out properly. Fig. 8a demonstrats the ORR curves from the DA-Pt 2 Os/C at various rotation speeds of RDE. Among these curves, the ORR responses at voltage below 0.6 V were stabilzed at the limiting currents whose values were proportional to the rotation speed as expected. To extract the kinetic information, we employed the Koutecky-Levich equation listed below [78] ,
(1) where the i is the experimentally-measured current, the i diffusion limit is the diffusion limiting current due to the limitation of mass transport of dissolved oxygen in the 0.1 M aqueous HClO 4 solution, the i kinetic is the kinetic current assoicated with the ORR activity of DA-Pt 2 Os/C, the n is the number of electron transferred in the ORR process, the F is the Faraday constant, the A is the reaction area of the RDE (0. [30] . Fig. 8b provides the Koutecky-Levich plots at different potentials. Obviously, these curves showed a consistent pattern and the average slope was 11.11 mA −1 s −1/2 . Thus, the resulting n value became 3.94. Therefore, we concluded that the DA-Pt 2 Os/C nanoparticles adopted a four-electron route to catalyze the ORR process, similar to that of Pt. The values of i kinetic obtained from the Koutecky-Levich equation were used to calculate the mass activity and specific activity shown in Fig. 9 . These Tafel plots were obtained using i kinetic values from 0.95 to 0.8 V divided by the effective mass of the Pt in the RDE (from ICP-MS) and ECSA (cm Pt 2 ) values (from Fig. 3 ). For the Pt/C, its mass activity and specific activity at 0.9 V were 0.14 mA g Pt −1 and 0.28 mA cm Pt −2 , respectively. These values were comparable to what were reported in the literatures for the Pt nanoparticles in simialr sizes [80] . However, the Pt 2 Os/C exhibited a lower mass activity (0.05 mA g Pt −1 ) and a greater specific activity (0.52 mA cm Pt −2 ), as compared to those of Pt/C. The reduced mass activity is attributed to its relatively larger size as compared to that of Pt/C because the predominant share of the Pt atoms was residing at the core. However, the 250% increment in the specific activity suggested the complementary role of Os atoms to the Pt atoms for ORR activity. This is because the surface of the Pt 2 Os nanoparticle was partially occupied by the Os atoms and those Os atoms were oxyphilic and thus promote the ORR process via bifunctional model and electronic mechanism. In the bifunctional model, the Os atoms exhibit a strong affinity toward the adsorption of OH and as a result, leads to a considerable reduction in the Pt-OH coverage [54] . These results suggested that the DA-Pt 2 Os/C sample is a promising electrocatalyst for ORR and more engineering work to modify its surface state and morphology might lead to further enhancements in specific and mass activities. For durability tests, the DA-Pt 2 Os and Pt/C samples were subjected to multiple CV scans in a potential window of 0.65 and 1.05 V at 50 mV s −1 in a 0.1 M aqueous HClO 4 solution following procedures used by Wang et al. [24] . Fig. 10 shows the ORR responses before and after the durability test for DA-Pt 2 Os/C and Pt/C, a and b, respectively. Apparenttly, for both samples there appeared a very subdued degradation during the durability tests, and both the onset potentials and diffusion-limiting currents remained almost unchanged. The minor degradation is manifested in the slight negative shift of the half-wave potential at 5 and 9 mV for DA-Pt 2 Os/C and Pt/C, respectively. These CV curves suggested that the stability of DA-Pt 2 Os/C was comparable or even better than that of commercially available Pt nanoparticles.
To further validate the stability of the DA-Pt 2 Os/C and Pt/C, we carried out the ECSA measurements before and after the durability tests, and the resulting CV curves are exhibited in Fig. 11 . After the durability tests, the ECSA of DA-Pt 2 Os/C was reduced by 10.9% (from 1.46 to 1.3 cm Pt 2 ), and a loss of 11.1% in the mass activity (0.27 to 0.24 mA g Pt −1 , assuming the Pt loading remained constant and the loss was attributed to the minor reduction of i kinetic at 0.9 V from Fig. 10 ) was observed. In contrast, the Pt/C revealed a loss of 14.7% in the ECSA (from 3.06 to 2.61 cm Pt −2 ) and a loss of 24.64% in the mass activity (0.142 to 0.107 mA g Pt −1 ). Clearly, the DA-Pt 2 Os/C revealed a better durability for the ORR. For both samples, we believed there was negligbile physical detachment of electrocatalysts from the RDE during the durability tests because the diffusion-limiting currents remained unchanged. Therefore, the slight variation in the CV profiles was attributed to the aggregation of electrocatalysts that reduced the ECSA. The aggregation effect was also responsbile for the moderate decrease of anodic currents at volage above 0.85 V. It is noted that the impressive stability in life time tests is consistent with our QM calculation that confirmed the structural integrity of the DA-Pt 2 Os/C (Pt 4 Os) nanoparticles. However, we would like to point out that the size of nanoparticles might be a factor in the durabilty tests. According to Xu et al., the Pt/C with larger nanoparticle sizes demonstrated better durability as compared to the sample with smaller nanoparticle sizes [83] . Indeed, in our case, the nanoparticle size of DA-Pt 2 Os was larger than that of commercial Pt/C. Therefore, it is possible that the size effect might also contribute to the enhanced durability for the DA-Pt 2 Os.
Conclusions
We fabricated carbon-supported Pt 2 Os nanoparticles from a wet chemical reflux process and conducted a dealloying treatment in which the as-synthesized Pt 2 O/C underwent multiple CV scans to dissolve the Os atoms selectively from the surface of the Pt 2 Os nanoparticles. XRD diffraction signals from the dealloyed sample indicated a fcc phase and composition analysis suggested Pt 4 Os. Line scans from the STEM confirmed that the surface of Pt 4 Os was depleted with the Os atoms. The dealloyed sample revealed better ORR electrocatalytic activities (0.29 mA g Pt −1 in mass activity and 1.03 mA cm Pt −2 in specific activity), as compared to commercially available Pt/C and as-synthesized Pt 2 Os. In stability test, the dealloyed sample demonstrated impressive retention in the cataltyic activities and smaller loss of ECSA as compared to those of Pt/C. In addition, we verified experimentally that the ORR steps occurring on the dealloyed sample is a four-electron process. The result of our DFT calculations on the DA-Pt 2 Os (Pt 4 Os) system is consistent with the STEM-EDS analysis and indicates a surface enrichment with Pt.
